Introduction
Since ancient times, plant food extracts and phytochemicals have been used in nutrition and medicine mostly because of their range of beneficial effects against human chronic diseases such as cardiovascular diseases and inflammation as well as their antimicrobial activity. Plant food extracts and phytochemicals have been recognized as effective treatments against microbial infections with the added benefit that most of them are harmless for human health. However, in the last years, plant food extracts and phytochemicals have also been highlighted as Quorum Sensing Inhibitors (QSI). Quorum Sensing (QS) is a regulatory mechanism that enables bacteria to make collective decisions with respect to the expression of a specific set of genes (Kalia, 2013) . Several authors have demonstrated that QS regulate bacterial pathogenesis by controlling competence development, sporulation, antibiotic synthesis, virulence factor induction, cell differentiation, and nutrient flux along with other physiological events in pathogenic bacterial infections (Greenberg, 2003) . Atkinson and Williams (2009) demonstrated that QS mechanisms amplify bacterial virulence by stimulating the expression of disease causing attributes, such as motility, biofilm formation, and secretion of virulence factors. In QS systems, bacteria produce low-molecular-weight signaling compounds, known as autoinducers that are released into the environment. The most widely studied signaling compounds include fatty acid derivatives, generally N-acylhomoserine lactones (AHLs) used by Gram-negative bacteria, and a furanosyl borate diester, autoinducer-2 (AI-2), which is used in interspecies communication (Kalia, 2013) . However, other molecules such as autoinducer-3 (AI-3), which activates enterohemorrhagic Escherichia coli (EHEC) virulence genes, and amino acids and short peptides used by Gram-positive bacteria have been also identified as signaling molecules (Kalia, 2013) . QS signaling molecules serve to inter or intra bacteria species communication but also modulate the host immune response. Previous exposure of the host organism to QS molecules facilitated the survival of the infected host organism that is able to increase the clearance of infecting bacteria . In other cases, exposure to QS signals before infection can extend the survival of the host but also the persistence of the infection (Bandyopadhaya et al., 2012) .
Many research studies have reported the capacity of plant extracts and phytochemicals to interfere in intraand inter-species QS communication systems (Teplitski, Robinson, & Bauer, 2000; Vandeputte et al., 2010; Vattem, Mihalik, Crixell, & McLean, 2007) . Actually, the ability of plants to interrupt QS systems may serve as a defense mechanism to fight against bacterial invasion. One of the keys of success of plant food extracts and phytochemicals could be their similitude to what is considered the ideal QSI, which includes being chemically stable, highly effective low-molecular-mass molecules and harmless for human health (Rasmussen & Givskov, 2006) . In fact, the consumption of these extracts and phytochemicals are rarely associated with any side-effect as seen in many antibiotic regimes. Additionally, plant food extracts and phytochemicals have also been recognized to serve as novel food preservation techniques, although their use must be selected in the specific system in which they are to function, as they cannot easily be transferred from one QS system to another (Rasch et al., 2007) .
The most commonly recognized mechanisms of action of plant food extracts and phytochemicals are related to their similarity in chemical structure to QS signals and also their ability to degrade signal receptors (Kalia, 2013) . In the case of AHLs, the proteins that act as receptors or regulators are known as the LuxR family of transcriptional regulators, whereas AI-2-type QS is dependent on the activity of LuxP/Q-type proteins. In this case, LuxP is a periplasmic-binding protein that binds AI-2 (Reading & Sperandio, 2006) . Nevertheless, there are other potential mechanisms of action that plant food extracts and phytochemicals might use to inhibit bacterial QS (Fig. 1) . However, only few of the available studies focus on the role of plant food extracts and phytochemicals as QSI deals with the potential mechanisms of action (Kalia, 2013) . Therefore, the main objective of this review is to summarize all the scientific work focused on the use of plant food extracts and phytochemicals as QSI, highlighting the D. Signal competition C. Signal sequestration Fig. 1 . Scheme of the potential mechanisms of action of plant food extracts and phytochemicals as QSI. The process of QS can be disrupted by reducing the activity of AHL cognate receptor protein and/or AHL synthase (A) or inhibiting the production of QS signal molecules by different mechanisms such as; (B) degradation of the AHL, (C) sequestration of the AHL (D) mimicking the signal molecules primarily by using plant food extracts and phytochemicals as analogues of signal molecules.
techniques used to identify their biological activity and their mechanisms of action.
Methods for evaluation of plant food extracts and phytochemicals as QSI Some reviews have already addressed the role of these compounds as QSI, although most of them have focused on dietary phytochemicals, medicinal plants, or herbal plant extracts (Al-Hussaini & Mahasneh, 2009; Vandeputte et al., 2011) . Fig. 2 shows the establishment of a network connection between the available literature on plant food extracts (fruits, vegetables and fresh herbs and spices) included in this review and the main parameters evaluated. In these studies, the QS inhibitory activity of plant food extracts have been demonstrated using many different strategies, making the comparison among studies very difficult. Most of them have determined the anti-QS activity of these extracts using only biosensor strains and only few of them have used chromatographic techniques (Fig. 2) .
Biosensor strains activate a phenotypic response through an AHL-receptor protein in presence of QSI as plant food extracts and phytochemicals. The first tool used to screen for QSIs was a mutant strain (CV026) of the bacterium Chromobacterium violaceum. C. violaceum constitutively produces the purple pigment violacein whereas its mutant strain CV026 only synthesizes the pigment in response to the exogenously added AHLs, 3-oxo-N-hexanoyl homoserine lactone (3-oxo-C6-HSL) and N-hexanoyl homoserine lactone (C6-HSL) (Bjarnsholt et al., 2010) . Fig. 3 shows a representative image of a biosensor test using C. violaceum, which shows the inhibition of the violacein production in the presence of a QS inhibitor. Based on the gfp-based AHL sensor system Rasmussen et al. (2005) developed a system by electroporation of a plasmid (pTBR2iB) into a strain of E. coli, known as QSIS1. The QSIS1 comprise a gene encoding a lethal protein fused to a QS-controlled promoter and therefore, it is unable to growth if a QSI is not present in the growth media. Hence, a positive screen with this system is indicated by the growth of the selector bacteria. Another very well-known biosensor is Agrobacterium tumefaciens NT1 (Ravn, Christensen, Molin, Givskov, & Gram, 2001) . Since the different monitor strains do not detect the same spectra of AHL, the simultaneous use of different biosensor strains has been recommended (Ravn et al., 2001) . On the other hand, Vibrio harveyi is the AI-2 biosensor most commonly used (Rasmussen & Givskov, 2006) . The bacteria biosensors provide a simple, rapid, and sensitive means to detect QS inhibitors without requiring any sophisticated instrumentation but they do not allow quantitation. However, unequivocal chemical analysis and quantification of signaling compounds in bacterial culture supernatants by chromatographic techniques such as LC-MS/MS spectrometry provide more accurate and comparable data (Truchado, Gil, Tom as-Barber an, Larrosa, & Allende, 2012) .
Plant food extracts
Plant food extracts from many different botanical groups (e.g. fruits, vegetables and fresh herbs and spices) have been confirmed as strong QSI (Kalia, 2013) . Otherwise, preclinical and clinical studies, as well as some Figure was constructed with Gephi 0.8.2-beta software using the literature comprised in this review. Gephi software reveals the underlying associations between objects, in particular in scale-free networks representing patterns of biological data (Bastian, Heymann, & Jacomy, 2009) . epidemiological data have revealed a potential relationship between the consumption of plant food extracts and a range of health benefits (Arts & Hollman, 2005) . The evidence of the antipathogenic activity of plant food extracts by blocking the signaling network is more recent but several powerful QSI have been identified to date (Jakobsen, Bragason, et al., 2012; Truchado, Gil, et al., 2012) . Up to now, studies have been carried out to demonstrate the anti-QS activity of plant food extracts such as fruits, vegetables and fresh herbs and spices (Fig. 2) .
Fruits
Fruits are an important part of the diet and contain phytochemical compounds which exert some beneficial effects on human health, particularly on age-related diseases, as well as antimicrobial activity (Heinonen, 2007) . Fruit extracts have been identified as novel candidates in the search of natural compounds that attenuate bacterial pathogenesis by interfering with QS systems without affecting their viability (Truchado, Gim enez-Bastida, et al., 2012) . The disruption of cell to cell communication by fruit extracts may reside in the variety of their different phytochemicals that can mimic molecules with the QS signal or accelerate their degradation (Vattem et al., 2007) (Fig. 1) . Table 1 summarizes research studies where fruit extracts have been proven as QSI against pathogenic and spoilage bacteria excluding those studies which only evaluated the anti-QS activity by biosensor strains.
The biological activity of berries are partially attributed to their high content of phytochemicals such as flavonoids (anthocyanins, flavonols, and flavanols), tannins (proanthocyanidins, ellagitannins, and gallotannins), stilbenoids (e.g., resveratrol), phenolic acids (hydroxybenzoic and hydroxycinnamic acid derivatives), and lignans (Vattem et al., 2007) . Different berries (cranberry, wild blueberry, raspberry, blackberry and strawberry) and grapes showed QSI activity as AHL signal inhibitors in C. violaceum but they also significantly reduced swarming motility in E. coli and Pseudomonas aeruginosa PAO1 (Vattem et al., 2007) . It could be hypothesized that their activity as QSI could also be attributed to their phytochemical content. However, in a recent study, strawberry and blueberry did not give a positive result with the QSIS1 screen (Jakobsen, Bragason, et al., 2012) .
Many research studies have focused on the antimicrobial activity of pomegranate (Punica granatum) extracts, including leaf, bark, fruit and seed extracts (Ismail, Sestili, & Akhtar, 2012) . Although the capacity of pomegranate as QSI has received much less attention, some papers have already demonstrated the anti-QS capacity of pomegranate using the biosensor strain C. violaceum (Koh & Tham, 2011; Truchado, Gil, et al., 2012) . Additionally, the ability of pomegranate to inhibit the AHL system of pathogenic bacteria such as Yersinia enterocolitica and Erwinia carotovora has been evidenced. Truchado, Gil, et al. (2012) demonstrated that the reduction of AHL production by pomegranate was partially due to the degradation-transformation of AHLs (Fig. 1) .
Apple extract (Fratianni, Coppola, & Nazzaro, 2011 ) has also demonstrated anti-QS activity against C. violaceum in a dose-dependent manner. Musthafa, Ravi, Annapoorani, Packiavathy, and Pandian (2010) demonstrated that the aqueous extract of pineapple (Ananas comosus) and sapodilla (Manilkara zapota) fruits were able to inhibit the AHL system in C. violaceum CV026 as well as in P. aeruginosa PAO1, affecting violacein and pyocyanin pigment production, staphylolytic protease, elastase production and biofilm formation, respectively. Apricot (Prunus armeniaca) also showed anti-QS activity against the biosensor strains C. violaceum CV026 and P. aeruginosa PAO1 inhibiting violacein production and swarming motility, respectively (Koh & Tham, 2011) .
Recently, Truchado, Gim enez-Bastida, et al. (2012) showed the capacity of an orange extract, rich in flavanones, to reduce the levels of 3-Oxo-C6-HHL and C6-HHL excreted to extracellular media and biofilm formation by Y. enterocolitica. These phenotypic responses were associated with the induction of two important QS regulatory genes, yenR and flhDC, which are involved in the synthesis and regulation of AHLs and motility in Y. enterocolitica, respectively. On the other hand, grapefruit juice was able to inhibit AHLs and AI-2 activities of V. harveyi BB886 and BB170 strains as well as the biofilm activity of pathogenic bacteria such as, E. coli O157:H7, Salmonella typhimurium and P. aeruginosa (Girennavar et al., 2008) . Several studies have not only evaluated the antimicrobial and anti-QS activity of fruits and their extracts but they also have tried to identify and isolate the bioactive compounds responsible for this activity (Girennavar et al., 2008; Truchado, Gil, et al., 2012; Truchado, Gim enezBastida, et al., 2012) . The capacity of food phytochemicals as QSI will be addressed later within this review.
Vegetable food extracts
The anti-QS capacity of different plant foods such as cauliflower, horseradish, radish, bean sprout, carrot, pepper yellow, garden cress, water cress and canola was explored using the biosensor QSIS1 and other biosensor strains (Jakobsen, Bragason, et al., 2012; Rasmussen et al., 2005) . Fig. 2 shows that research papers focused on the anti-QS activity of vegetable food extracts use biosensors as main tool to detect QS inhibitors. In this case, horseradish showed the highest activity against the biosensors P. aeruginosa lasB-gfp and P. aeruginosa rhlA-gfp. Other Brassicaceae with anti-QS properties were broccoli and cauliflower (Brassica oleracea) (Karamanoli & Lindow, 2006; Lee, Lim, et al., 2011; Vattem et al., 2007) . Broccoli extracts not only reduced AI-2 synthesis, but also swimming and swarming motility in E. coli O157:H7 in a dose-dependent manner (Lee, Lim, et al., 2011) . These authors were able to demonstrate that the broccoli extract was able to regulate virulence in E. coli O157:H7 by modulating 3-oxo-C6HSL: N-3-oxo-hexanoyl-L-homoserine lactone; AHL: acyl-homoserine lactone; AI-1: autoinducer-1; AI-2: autoinducer-2; EPS: exopolysaccharide; QS: quorum sensing; C6-HSL: N-hexanoyl-L-homoserine lactone; mRNA: messenger ribonucleic acid.
the transcription of virulence genes. The broccoli extract was also able to protect a model organism (Caenorhabditis elegans) against the pathogenic attack by the E. coli O157:H7 and based on that, it has been proposed as an agent to attenuate bacterial virulence in vivo (Lee, Lim, et al., 2011) . However two important questions remain answered; what is the active compound in the broccoli extract and whether the doses needed to decrease E. coli O157:H7 virulence in the gut can be achieved through diet. The ability of a methanolic extract of caper (Capparis spinosa) as QSI has been demonstrated using the biosensor C. violaceum (Issac-Abraham, Palani, Ramaswamy, Shunmugiah, & Arumugam, 2011) . This extract was also effective regulating virulence factors in pathogenic and spoilage bacteria such as swimming and swarming motility, exopolysaccharide production (EPS) and biofilm in P. aeruginosa PAO1, E. coli, Proteus mirabilis and Serratia marcescens in a dose-dependent manner, without affecting the bacterial growth (Table 1 ). In fact, in a previous work, a vanilla extract (rich in vanillic acid) showed violacein pigment inhibition activity in a dose-dependent manner (Choo, Rukayadi, & Hwang, 2006) . However, vanilla did not give a positive result with the QSIS1 screen (Jakobsen, Bragason, et al., 2012) . Leaves, flowers, fruit and bark of sowthistle (Sonchus oleraceus) exhibited anti-QS activity in the C. violaceum plate assay (Al-Hussaini & Mahasneh, 2009 ).
Seed and seedling exudates seem to be very active as QSI. For instance, seeds from pea, rice, soybean and tomato were identified as QSI against different biosensor strains (Teplitski et al., 2000) . According to this, pea seeds and seedlings and their extracts and exudates were effective inhibiting violacein production (C. violaceum) and also swimming and swarming motility in Serratia liquefaciens MG1 and P. aeruginosa PAO1, respectively (Fatima, Zahin, Khan, & Ahmad, 2010; Teplitski et al., 2000) . Several studies have concluded that one potential mechanism of action could be due to the presence of AHL mimic molecules able to disrupt the QS system in biosensor bacteria (P erez-Montaño et al., 2013) (Fig. 1) . Teplitski et al. (2000) also reported that exudates from pea seedlings contain several compounds that mimicked AHL signals in several bacterial reporter strains affecting the AHL-regulated gene expression probably at AHL receptor level. On the other hand, seeds, seedlings and exudates of alfalfa (Medicago sativa and Medicago truncatula) exhibited anti-QS activity, inhibiting violacein production in C. violaceum (CVO26) and modulatory activity of LuxR (E. coli pSB401), LasR (E. coli pSB1075), LuxP (V. harveyi BB170), AhyR (E. coli pSB536) and CviR (C. violaceum CVO26) genes (Gao, Teplitski, Robinson,& Bauer, 2003; Keshavan, Chowdhary, Haines, & Gonzalez, 2005) . However, the extract of fenugreek (Trigonella foenum-graecum) increased pigment production in C. violaceum and swarming motility in P. aeruginosa PAO1 (Fatima et al., 2010) .
Antimicrobial properties of garlic (Allium sativum L.) have been known since ancient times and probably for this reason it is the plant food whose anti-QS properties have been most studied. Garlic extract reduced the QS response of LuxR, AhyR and TraR reporter strains in E. coli and A. tumefaciens (Bodini, Manfredini, Epp, Valentini, & Santori, 2009 ). In P. aeruginosa, fresh garlic extract inhibited the production of extracellular virulence factors such as alginate, pyoverdin, hemolysin and phospholipase C (Harjai, Kumar, & Singh, 2010) . Bjarnsholt et al. (2005) showed that garlic-treated biofilms of P. aeruginosa provoked in vitro an oxidative burst in human polymorphonuclear leukocytes (PMNs) whereas non garlictreated biofilm or P. aeruginosa QS-deficient mutant biofilms did not produce PMNs activation. The in vivo activity of garlic was demonstrated in mice, prophylactically treated with a garlic extract. In this study, the mortality rate of mice with pulmonary infection of P. aeruginosa was reduced, probably due to the activation of PMN in the lung tissue which caused an increased bacterial clearance. Harjai et al. (2010) also found a decrease in the incidence of pyelonephritis caused by P. aeruginosa in mice prophylactically treated with garlic; although little is known about the real implication of QS systems in these phenomena.
Fresh herbs and spices
Fresh herbs and spices are rich in phytochemicals with antimicrobial activity and therefore potential anti-QS compounds. Lately, several studies have focused on proving the potentiality of fresh herbs and spices as anti-QS extracts. For instance, clove extracts (Syzygium aromaticum) showed inhibition of QS activity in the C. violaceum CVO26, E. coli pSB401 and E. coli pSB1075 biosensors (Krishnan, Yin, & Chan, 2012) . In fact, most of the studies used biosensors to demonstrate the anti-QS activity of these extracts. Table 2 shows the low number of research studies where fresh herbs and spices have been proven as QSI against pathogenic and spoilage bacteria. In P. aeruginosa PAO1, clove extract also decreased gene expression of lecA virulence factor, pyocyanin formation and swarming motility (Krishnan et al., 2012) . Mexican sage (Salvia mexicana) exhibited AHL mimic activity in biosensor strains (A. tumefaciens and C. violaceum) (Karamanoli & Lindow, 2006) . In a screening of many herbs and spices it was found that basil, kale, oregano, thyme, rosemary, ginger, and turmeric extracts inhibited violacein pigment production (C. violaceum) and decreased swarming motility of E. coli O157:H7 and P. aeruginosa PAO1 (Al-Hussaini & Mahasneh, 2009; Vattem et al., 2007) . According to this, thyme and rosemary decreased Listeria monocytogenes cell attachment to PVC, biofilm growth, development and metabolic activity (Sandasi, Leonard, & Viljoen, 2010) . Jakobsen, Bragason, et al. (2012) have also described a QS-inhibitory activity in the biosensor QSIS1 for thyme and rosemary extracts as well as for chervil and lemon grass extracts. Ocimum sanctum leaf extract, also known as holy basil, laurel (Laurus nobilis) and two pepper species (P. nigrum and P. longum) also exhibited anti-QS activity against a biosensor strain (C. violaceum) (Al-Hussaini & Mahasneh, 2009; Musthafa et al., 2010; Tan et al., 2013) . When tested against the opportunistic pathogen P. aeruginosa PAO1, holy basil also decreased total proteolytic activity and LasB elastase activity (Musthafa et al., 2010) .
Food phytochemicals
Plants have an almost limitless ability to synthesize aromatic substances, most of which are phenols or their oxygen-substituted derivatives. Most are secondary metabolites, of which at least 12,000 have been isolated, a number estimated to be less than 10% of the total (Wink, 2010) . In many cases, these substances serve as plant defence mechanisms against predation by microorganisms, insects, and herbivores. Some, such as terpenoids, give plants their odors; others (quinones and anthocyanins) are partly responsible for plant pigment. Many compounds are responsible for plant flavor (e.g., the terpenoid capsaicin from chili peppers), and some of the same herbs and spices used by humans to season food yield useful medicinal compounds (Wink, 2010) . On the other hand, the ability of plants to produce substances that affect QS regulation may provide plants with important tools to manipulate gene expression and behavior in the bacteria they encounter. In fact, eukaryotic organisms are able to produce and secrete compounds that mimic the QS signals of bacteria and thus affect the behavior of associated bacteria (Bauer & Robinson, 2002) .
Food phytochemicals have been found to act as QSI not only because of the similarity in their chemical structure to those of QS signals (AHL) but also because of their ability to degrade signal receptors (LuxR/LasR) (Teplitski, Mathesius, & Rambaugh, 2011; Truchado, Gil, et al., 2012) (Fig. 1) . Table 3 summarizes the research studies where food phytochemicals have been proven as QSI against pathogenic and spoilage bacteria, excluding those studies which only evaluated the anti-QS activity by biosensor strains.
Furanocoumarins are a class of organic chemical compounds produced by a wide variety of plants like grapefruit, lime, lemon, parsley and celery. They are biosynthesized partly through the phenylpropanoid pathway and the mevalonate pathway. Girennavar et al. (2008) reported that two furocoumarins (bergamottin and dihydroxybergamottin, Fig. 4) , isolated from grapefruits, had strong AI-1 and AI-2 inhibitory activities at concentration as low as 1 mg/ mL. They were also able to inhibit biofilm formation in E. coli O157:H7, S. typhimurium and P. aeruginosa.
Limonoids are also important constituents of the grapefruit and other citrus fruits. Limonin, nomilin, obacunone (Fig. 4) , deacetyl nomilin and limonin 17-O-b-D-glucopyranoside are the predominant limonoids present in the grapefruit (Fig. 4) . These limonoids are characterized by a high degree of oxygenation and the presence of a furan ring, similar to that present in the autoinducer molecules HAI-1 and AI-2 from V. harveyi. Vikram, Jesudhasan, Jayaprakasha, Pillai, and Patil (2010, 2011) studied the potential effects of limonoids, such as obacunone as QSI and concluded that they interfere with V. harveyi and EHEC cellecell signaling and biofilm formation by modulating the response regulator LuxO and type three secretion systems (TTSS), respectively. Further work examined the potential of five citrus limonoids: isolimonic acid, ichangin, isoobacunoic acid, Isoobacunoic acid glucoside and deacetyl nomilinic acid glucoside, to inhibit EHEC biofilm and TTSS. All the tested limonoids seem to interfere with the EHEC biofilm formation in a dose-dependent manner, isolimonic acid being the strongest QSI among all the tested limonoids (Vikram, Jesudhasan, Pillai, & Patil, 2012) . One thing in common between furocoumarins and limonoids is that they share a furan moiety with the synthetic furanones, very well-known because of their QSI abilities.
As previously mentioned, garlic possesses a very wellknown antimicrobial activity. Persson et al. (2005) identified several active compounds from garlic extracts that exhibited LuxR antagonist activity in Vibrio fischeri and P. aeruginosa PAO1, cyclic thioacetal and cyclic disulphide being the most effective compounds. Another compound present in garlic extracts is pyrogallol, which showed antagonism activity against AI-2 mediated QS in V. harveyi in a micromolar range without any cytotoxic effect (Ni, Choudhary, Li, & Wang, 2008) . Ajoene, a sulphur-rich molecule from garlic, has been proven as a QSI against AHL: acyl homoserine lactone; EPS: exopolysaccharide; PQS: 2-heptyl-3-hydroxy-4(1H)-quinolone; QS: quorum sensing. P. aeruginosa (Fig. 4) . Jakobsen, van Gennip, et al. (2012) reported a dose-dependent attenuation of a few but central QS-controlled virulence factors in this opportunistic bacteria. These authors stated that ajoene is the major QSI compound in the garlic extract and demonstrated that this compound inhibited genes controlled by QS in P. aeruginosa.
Among the different phytochemical compounds that can be found in cinnamon (Cinnamomum verum), cinnamaldehyde (Fig. 4) is a good candidate to inhibit bacterial QS systems. Niu, Afre, and Gilbert (2006) were the first to demonstrate the ability of cinnamaldehyde to inhibit both AI-1 and AI-2 receptor systems in the V. harveyi BB886 and BB170 strains. Later, Brackman et al. (2008) concluded that this compound affected the target protein LuxR in V. harveyi. They also showed the potential of cinnamaldehyde to inhibit biofilm formation in two Vibrio mutants, (V. anguillarum 4411 and V. vulnificus LMG) concluding that cinnamaldehyde affected the total mass of the biofilm, which is related to the production/accumulation of the exopolysaccharide matrix, but not the number of viable cells present in the biofilm.
Polyphenols, best known for their antioxidant properties, have been shown to have an effect on QS systems. Huber, Eberl, Feucht, and Polster (2003) investigated the anti-QS activity of three polyphenols ((À)-epigallocatechin, ellagic acid and tannic acid, Fig. 3) reporting that the three compounds showed antagonistic effect in two AHL-dependent QS strains (Pseudomonas putida (pKR-C12) and E. coli MT102). In this study, epigallocatechin and ellagic acid also produced a marked reduction in biofilm thickness of Burkholderia cepacia. Matsunaga et al. (2010) also studied potential inhibitory effect of eight catechins on biofilm formation of Eikenella corrodens, a periodontopathogenic bacterium. They concluded that catechins with the galloyl group, inhibited biofilm formation, more efficiently than those with the pyrogallol-type B-ring, through the interference with the AI-2-mediated QS system. Truchado, Gil, et al. (2012) evaluated the capacity of several food phytochemicals as QSI against spoilage (E. carotovora) and pathogenic bacteria (Y. enterocolitica). This study evidenced the capacity of many different phytochemical compounds such as cinnamaldehyde, ellagic acid, resveratrol and rutin among others to interfere with the QS system of spoilage and pathogenic bacteria. The observed interference was due to both the degradation-transformation of AHLs and the inhibition of AHL synthesis (Fig. 1) . According to this, Wang et al. (2006) reported the inhibitory effect of resveratrol on swarming and virulence factor expression (hemolysin, urease) of P. mirabilis, an important pathogen infecting the urinary tract. Yuan et al. (2007) reported that salicylic acid, which occurs in some fruits and vegetables, besides its well-known function in regulating plant defence; it can also interfere directly with several aspects of the Agrobacterium infection process. This phenolic plant secondary metabolite specifically inhibited the expression of the Agrobacterium virA/G two-component regulatory system that tightly controls the expression of the vir regulon including the repABC operon on the Ti plasmid. Flavonoids have been the focus of research for many years mainly due to their role as antioxidant, anti-inflammatory, and anticancer agents. Keeping in view these health benefits, flavonoids such as naringenin (Fig. 4) , hesperidin, kaempferol, sinensetin, quercetin and apigenin have been evaluated for their anti-QS activities. Vikram, Jayaprakasha, Jesudhasan, Pillai, and Patil (2010) reported a potential modulation of bacterial cellecell communication, EHEC biofilm and V. harveyi virulence, by flavonoids especially naringenin, quercetin, sinensetin and apigenin. In a recent study, it was reported that naringenin attenuated S. typhimurium virulence and cell motility by the repression of 24 genes in the Salmonella pathogenicity island 1 and the down-regulation of 17 genes involved in flagellar biosynthesis and motility (Vikram, Jesudhasan, Jayaprakasha, Pillai, Jayaraman, et al., 2011) . Kaempferol and quercetin, as well as the broccoli compound myricetin, also reduced the expression of flhD and eae genes related to flagella regulation and type III secretion in EHEC (Lee, Lim, et al., 2011) . Therefore, one of the mechanisms underlying the anti-QS activity of these compounds could be the modulation of the expression of virulence-associated genes. The flavonoids catechin, isolated from Combretum albiflorum, and naringenin reduced the production of QSmediated virulence factors (pyocyanin, elastase and biofilm formation) by P. aeruginosa PAO1 (Vandeputte et al., 2010 (Vandeputte et al., , 2011 . According with these results, catechin and naringin, an O-glycosylated flavanone, modulated the expression of the QS-regulated genes (lasI, lasR, rhlI, rhlR, lasA, lasB, phzA1 and rhlA) in P. aeruginosa PAO1 and ( yenI, yenR, flhDC, fleB, fliA) Y. enterocolitica, (Truchado, Gim enez-Bastida, et al., 2012; Vandeputte et al., 2011) . Another flavonoid with potential QSI activity is phloretin, a type of polyphenol mainly found in apples. Lee, Regmi, et al. (2011) investigated the ability of phloretin to control biofilms of E. coli O157:H7 as well as five commensal E. coli strains, finding that phloretin specifically reduced E. coli O157:H7 biofilm formation. DNA microarray and qRT-PCR studies showed that phloretin suppressed AI-2 importer genes (lsrACDBF) of E. coli O157:H7 biofilm cells. This result supported previous findings showing that flavonoids could interfere with bacterial QS signaling and reduced E. coli O157:H7 biofilm formation (Lee, Regmi, et al., 2011; Vikram, Jayaprakasha, et al., 2010) . L-canavanine (Fig. 4) , a non-proteinogenic a-amino acid, arginine analog, found in certain leguminous plants like alfalfa. Keshavan et al. (2005) identified L-canavanine, as responsible for the inhibition of violacein production and the expression of the exp genes in the Gram negative bacterium Sinorhizobium meliloti, and responsible for the production of EPS II, a QS-regulated phenotype. Curcumin (Fig. 4) , the major constituent of turmeric (Curcuma longa L.) has been reported to reduce QS-mediated virulence factors such as biofilm formation, total protease and elastase activities and pyocyanin production, as well as to decrease 3-oxoC12-HSL and C4-HSL production in P. aeruginosa PAO1 (Rudrappa & Bais, 2008) . Moreover, curcumin was able to decrease mortality rates in Arabidopsis thaliana and C. elegans infected with P. aeruginosa. The transcriptome analysis of P. aeruginosa PAO1 revealed that 43 genes related to QS were modulated by curcumin (Rudrappa & Bais, 2008) . Acylphenols, including malabaricones B and C, are usually extracted from plants of the genus Myristica, and are present in our diet through the consumption of nutmeg (Myristica fragrans). Recently, Chong et al. (2011) demonstrated the ability of malabaricone C, a methanol-soluble compound, to inhibit violacein production (C. violaceum) as well as the QS- regulated pyocyanin production and biofilm formation in P. aeruginosa PAO1. Vanillin (4-hydroxy-3-methoxybenzaldehyde), a well-known food flavoring agent, (Fig. 4) is a phenolic aldehyde which is the primary component of the extract of the vanilla bean (Vanilla planifolia). This compound has been recognized as a potential QSI compound for Aeromonas hydrophila biofilms without affecting cell growth in different membranes, including microfiltration, ultrafiltration, and reverse osmosis membranes (Kappacherya, Paulb, Yoonc, & Kweonb, 2010) . Moreover, the results of these studies revealed that vanillin probably interferes with AHL by restricting the availability of AHL to cells and thus prevents the initiation of the QS mechanism for biofilm formation. Vanillin was studied for its QSI property against different individual AHL molecules using bio indicator strains. Vanillin also showed significant inhibition in short-chain (C4-HSL and 3-Oxo-C8-HSL) and long-chain AHL molecules Vanillin was also able to reduce AHL production of C4-HSL, 3-Oxo-C8-HSL and long-chain AHL molecules in biosensor strains (Ponnusamy, Paul, & Kweon, 2009 ). Phenylacetic acid (PAA) (Fig. 4) is an organic compound considered as a very active auxin (a type of plant hormone), which can be predominantly found in fruits. The capacity of this compound to interfere with QS has been recently reported due to its capacity for reducing the production of AHLdependent factors in P. aeruginosa PAO1 (pyocyanin, exopolysaccharide, and protease and elastase production) (Musthafa, Sivamaruthi, Pandian, & Ravi, 2012) . In swimming inhibition assay, PAA-treated PAO1 cells exhibited poor motility in swimming agar plate, while in in vivo analysis, PAO1-preinfected C. elegans showed enhanced survival when treated with PAA. The chemical compound PAA shows a structural similarity with the previously reported anti-QS compound salicylic acid (Bandara, Zhu, Sankaridurg, & Willcox, 2006; Yang et al., 2009; Yuan et al., 2007) . Thus, based on this similarity, the inhibitory activity of PAA might be due to the inhibition of AHLregulated behaviors by binding competitively to the AHL receptor protein (Musthafa et al., 2012) (Fig. 1) .
In a screening of 13,000 samples containing different compounds purified from whole plants and separated parts such as fruits, leaves, roots and stems, ursolic acid (Fig. 4) was identified as a new biofilm inhibitor (Ren et al., 2005) . In this study, ursolic acid was able to decrease biofilm formation in E. coli, V. harveyi, and P. aeruginosa PAO1. The analyses of the gene expression profile by DNA microarrays of E. coli treated with ursolic acid showed an upregulation of genes implicated in chemotaxis, mobility and heat shock response functions as well as a downregulation of genes involved in cysteine synthesis and sulphur metabolism. On the other hand, ascorbic acid, a natural QS analog, decreased the concentration of AI-2 and caused a reduction on sporulation and enterotoxin production in the anaerobic foodborne pathogen Clostridium perfringens (Novak & Fratamico, 2004) . Farnesol (Fig. 4) is a sesquiterpene commonly found in citrus fruits. However, the anti-QS activity of farnesol has been mostly studied because this compound is also produced by the fungus Candida albicans, which frequently coexists with the opportunistic pathogen P. aeruginosa. It has been demonstrated that both, C. albicans and P. aeruginosa, are able to modulate the virulence of each other and therefore, their QS mechanisms. Extracellular addition of farnesol to C. albicans reduced its biofilm formation (Ramage, Saville, Wickes, & L opezeRibot, 2002) , decreased transcript levels of pqsA (the first gene in the PQS biosynthetic operon), and modulated hyphal formation-associated genes (TUP1, CRK1, and PDE2) as well as others genes related to drug resistance (FCR1 and PDR16), cell wall maintenance (CHT2 and CHT3), iron transport (e.g. FTR2) and genes encoding heat shock proteins (HSP70, HSP90, HSP104, CaMSI3, and SSA2) (Cao et al., 2005) . In Staphylococcus epidermidis, farnesol inhibited in vitro and also in vivo biofilm formation in a mouse model showing also a synergistic effect with nafcillin and vancomycin antibiotic treatments (Pammi, Liang, Hicks, Barrish, & Versalovic, 2011) . It was also reported that Pneumocystis spp and Staphylococcus aureus biofilms were inhibited by farnesol treatment (Cushion, Collins, & Linke, 2009; Jabra-Rizk, Meiller, James, & Shirtliff, 2006) . Cugini, Morales, and Hogan (2010) showed that addition of farnesol to the growing medium of LasR-defective P. aeruginosa strains restored the PQS and therefore, the virulence factor pyocyanin. Sesquiterpene lactones are sesquiterpenoids that contain a lactone ring that can be found in many plants. Thymoquinone (Fig. 4) is a phytochemical compound found in the plant Nigella sativa L., commonly known as black seed or black cumin and native to south and southwest Asia. Thymoquinone showed a significant inhibitory effect on biofilm formation of S. epidermidis, S. aureus and Enterococcus faecalis in a dosedependent manner (Chaieb, Kouidhi, Jrah, Mahdouani, & Bakhrouf, 2011) .
Riboflavin, also known as vitamin B2, and lumichrome, a derivative of the riboflavin have been reported to act as QS signal-mimic compounds, capable of stimulating the P. aeruginosa LasR QS receptor (Rajamani et al., 2008) . These authors concluded that riboflavin and lumichrome could serve as either QS signals or as inter-kingdom signal mimics capable of manipulating QS in bacteria with a LasR-like receptor. However, lumichrome has very little structural similarity to AHLs and its identification as a compound capable of stimulating the LasR AHL receptor is quite unexpected, suggesting the possibility that AHL receptors might recognize more than one kind of compound (Holden et al., 1999) .
Iberin, an isothiocyanate produced by many members of the Brassicaceae family, was found to be a QSI of P. aeruginosa (Jakobsen, Bragason, et al., 2012) , interfering with the LasIR and RhlIR systems and down regulating the QS-controlled rhamnolipid production.
Health benefits and beyond
It has been hypothesized that the use of food phytochemicals and extracts as QSI may be of therapeutic interest since regular consumption of these products may exert some modulatory in vivo effects on the intestinal microbiota and prevent the invasion of pathogens (Gim enez-Bastida et al., 2012). Contrariwise, Jakobsen, Bragason, et al. (2012) explained that based on their experience, it is unlikely that any natural food source has biologically relevant amounts of QSIs sufficient to be considered for therapeutic purposes but they may have a role as preventative therapies in individuals affected by bacterial infections, for whom a diet enriched in QSI might show prophylactic properties. According to this, Truchado, Gim enez-Bastida, et al. (2012) showed that a natural orange extract enriched in flavanones (mainly naringin, neohesperidin, and hesperidin), at doses that can be achieved in the gut through the diet, exhibits a moderate antipathogenic activity against Y. enterocolitica by reducing the production of AHLs and the formation of biofilm.
It should be also taken into account that bioactive compounds present in plant food extracts and phytochemicals are metabolized by the gut and colon microbiota yielding new metabolites that might influence not only the presence of pathogenic bacteria but also modulate microbiota population groups by either enhancing the growth of beneficial bacteria or causing their depletion. In the search for natural products that may improve intestinal health by reducing the ability of pathogens to invade the intestine or increasing beneficial bacteria groups it is essential to investigate the effects of the actual metabolites that are formed in vivo. A recently published paper explored the impact of the microbiota derived ellagitannins (ETs) metabolites, urolithin-A and urolithin-B, on the intestinal pathogen Y. enterocolitica cellecell signaling (Gim enez-Bastida et al., 2012) . On the other hand, the ETs derived metabolite urolithin-A was able to modulate gut microbiota by increasing bifidobacteria and lactobacilli populations in an ulcerative colitis rat model (Larrosa et al., 2010) . The ability of these metabolites to inhibit QS controlled biofilm formation, motility and the production of AHLs as well as to increase beneficial microbiota highlights the potential role of QS as a modulator of pathogenic bacteria and also of gut microbiota, although nowadays, we are not aware of studies that focus on the implication of the QS system to modulate gut microbiota populations These results warrant further investigation of the in vivo antipathogenic properties of plant derived metabolites and their effect on gut microbiota.
Conclusions
In food vegetables and fruits there are a great variety of compounds, most of them still unidentified, that are part of our diet and that their consumption, in quantities achievable through diet, is safe. These compounds have a great potential to inhibit bacterial QS systems and thus to mitigate bacterial pathogenesis. The mechanisms of action of these QSI compounds are varied, from the competition with the autoinducer for the receptor to the modulation of genes involved in virulence, but this is not surprising given the high variability of phytochemicals in our diet. Some studies have already shown a protective effect of these compounds against pathogenic bacterial invasion of living organisms. However, more in vivo studies are required to give rise to consistent results in bacterial pathogenesis and QS inhibition. Plant extracts and phytochemicals constitute a very promising tool for the management of bacterial pathogenesis and gut microbiota modulation.
